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For many years developmental biologists have been trying 
to learn whether patterning within fields of cells is driven 
by graded morphogens or by sequential signaling cas- 
cades. A graded morphogen is a signaling molecule that 
initiates different pathways of differentiation at different 
concentrations (Crick, 1970). This type of signal will cause 
a spatial pattern of different cell types to radiate out from 
the signaling center. There are a number of examples of 
signaling molecules that may act as graded morphogens 
across fields of cells. For example, different concentra- 
tions of the transforming growth factor 13 (TGFI3) family 
member activin can elicit different ypes of tissue differenti- 
ation (Green and Smith, 1990; Gurdon et al., 1994). In the 
developing vertebrate neural tube, different concentra- 
tions of the signal Sonic hedgehog also trigger different 
types of cell differentiation (Roelink et al., 1995). So the 
case for graded morphogens is becoming stronger. What 
is a sequential signaling cascade? Here, patterning begins 
when one cell sends a signal to its neighbor. This signal 
does two things: it turns on a specific pathway of differenti- 
ation in the responding cell, and it also causes the re- 
sponding cell to send a new signal to its downstream 
neighbor. This second signal causes the new responding 
cell to differentiate, to send a third signal, and so on. There 
is also some evidence for this type of mechanism; for ex- 
ample, in the Drosophila wing, the hedgehog signal ap- 
pears to act indirectly, by eliciting the expression of the 
TGFI3 family member decapentaplegic, which organizes 
pattern by an unknown mechanism (reviewed by Perri- 
mon, 1995). 
Recently, a series of very nice experiments have been 
performed in Caenorhabditis elegans that argue that both 
types of mechanisms, a graded morphogen and a signal- 
ing cascade, act in concert on a single set of cells to create 
a precise spatial pattern. These cells, called vulval precur- 
sor cells (VPCs), generate the nematode vulva. The VPCs 
are lined up along the ventral margin of the young devel- 
oping worm (Figure 1). Just above them, in the central 
body region, lies a signaling cell called the anchor cell 
(AC). This cell is part of the gonad of the animal, and it 
induces underlying VPCs to generate the vulva (reviewed 
by Horvitz and Sternberg, 1991). If the AC is killed with a 
laser, the vulva is not induced. If the position of the AC 
is shifted along the body axis, different underlying VPCs 
are induced to form the vulva. Only three of the VPCs 
actually generate vulval cell lineages. The cell that lies 
directly beneath the AC generates a 1° lineage, which is 
characterized by a specific sequence of cell divisions and 
vulval cell types. The two flanking VPCs generate 2 ° lin- 
eages, which consist of a different pattern of cell divisions 
and cell types. The outlying VPCs do not participate in 
vulval development. Instead, they each generate a 3 ° lin- 
eage, which is a single cell division that gives rise to two 
epidermal cells. These nonvulval 3 ° lineages are the kind 
that the VPCs generate when the AC is killed. 
How are these three different cell fates specified? Does 
the AC make a graded signal that initiates a 1° fate at 
high concentrations and a 2 ° fate at low concentrations? 
Does it make two signals, one that acts locally and speci- 
fies a 1 o fate and another that acts at a distance to specify 
a 2 ° fate? Or does the AC initiate a signaling cascade by 
signaling the cell underneath itself to adopt a 1 o fate, which 
then, in turn, signals its neighbors to adopt 2 ° fates? One 
now classic experiment has supported the idea that sig- 
nals from the AC alone can pattern the vulva. If all the 
VPCs except for one outlying VPC are ablated, one of 
three things happens: the lone VPC moves close to the 
AC and adopts a 1° fate, the VPC moves in a little way 
and adopts a 2 ° fate, or the VPC stays put and adopts a 
3 ° fate (Sternberg and Horvitz, 1986). The fact that an 
isolated VPC can adopt any of the three fates argues that 
signaling between VPCs is not required to specify any of 
the vulval cell fates; in other words, a sequential signaling 
cascade is not required. The experiment suggested that 
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Figure 1. Experiments Suggesting That Both Graded Signals and Se- 
quential Signaling Cascades Can Specify C. elegans Vulval Cell Fates 
(Graded morphogen) An isolated VPC can adopt either a l°, 2 o, or 
3 ° fate, depending on the dose of lin-3, the signal from the anchor 
cell. The dose of lin-3 was varied as described in the text. (Signal 
cascade) If the receptor for the lin-3 signal, encoded by the let-23 gene, 
is removed from the cells that normally adopt he 2 ° cell fate ingenetic 
mosaics, the cells adopt the correct fate anyway. Plus, let-23(+); 
minus, let-23(-). 
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the AC either produces a single graded morphogen or that 
it produces two different ypes of signals that induce the 1 ° 
and 2 ° fates, respectively. In contrast, another experiment 
has supported the sequential signaling model (Sternberg, 
1988): it was found that in animals carrying a lin-15 muta- 
tion, all the VPCs generate either 1 ° or 2 ° fates even if 
the AC is killed. Although the pattern differs from animal 
to animal, two neighboring cells never both adopt the 1° 
fate. If the AC and all but one VPC are killed in a lin-15 
mutant, the remaining cell always adopts a 1° fate. How- 
ever, if all but two VPCs are killed, only one of the two 
remaining cells adopts the I ° fate; the other always adopts 
the 2 ° fate. This argues strongly that signaling can take 
place between the VPCs; in particular, a cell that adopts 
a 1 ° fate signals its neighbor to adopt a 2 ° fate. This type of 
lateral signaling between VPCs supports a signal cascade 
model in which the AC first signals the underlying VPC to 
adopt a 1° fate, and this VPC then signals its neighbors 
to adopt a 2 ° fate. 
Time has passed, and now genes have been identified 
that are thought o mediate signaling between the AC and 
the VPCs and between neighboring VPCs. These mole- 
cules can be used as tools to test the graded morphogen 
and sequential signaling models in a much more rigorous 
way. 
How was the graded morphogen model tested? A signal- 
ing pathway that appears to operate between the AC and 
the VPCs has now been defined. The signal from the AC 
is encoded by the gene lin-3, an epidermal growth factor 
(EGF) family member expressed in the AC (Hill and Stern- 
berg, 1992). The response pathway is a conserved mito- 
gen-activated protein kinase (MAPK) cascade headed by 
the receptor for the AC signal, let-23, a transmembrane 
receptor similar to the EGF receptor (Aroian et al., 1990). 
The response pathway functions in the VPCs (Lacker et 
al., 1994), and if any of these components are inactivated, 
the VPCs adopt only 3 ° fates. The graded morphogen 
model predicts that the AC signal alone can specify 1 ° 
and 2 ° fates. To test this model, Katz et al. (1995 [this 
issue of Cell]) expressed lin-3, the gene encoding the AC 
signal, under control of a heat shock promoter in animals 
in which the AC and all but one VPC had been killed (see 
Figure 1). With no heat (no AC signal), the isolated VPC 
adopted the 3 ° fate. When the AC signal was expressed at 
a high level, the VPC adopted a 1 o fate. Most significantly, 
when the AC signal was expressed at a low level, by lim- 
iting the lin-3 gene dosage, the duration of the heat pulse, 
or both, the lone VPC often adopted a 2 ° fate. Thus, the 
AC signal has the properties expected of a graded morpho- 
gen. This conclusion was supported by a separate experi- 
ment, in which Katz et al. (1995) asked whether causing 
the AC itself to produce more AC signal would increase 
the probability that an isolated outlying VPC would adopt 
a 1 o fate. As mentioned above, in otherwise wild-type ani- 
mals, an isolated outlying VPC can adopt any of the three 
vulval fates. However, when the level of signal produced 
by the AC was increased by adding additional copies of 
the wild-type lin-3 gene, the same isolated VPC always 
adopted a 1° fate. 
What is the new evidence for sequential signaling? The 
key experiment (Figure 1) is based on the following reason- 
ing: if the vulva can be patterned by using a sequence of 
different signals, first a signal from the AC to the future 
1 ° cell, followed by a different signal from the 1° cell to 
its neighbors, then the cells destined to become 2 ° cells 
should not have to express the receptor for the AC signal. 
As long as the cell directly beneath the AC expresses the 
receptor, the cascade can be initiated. Using genetic mo- 
saic analysis, the receptor for the AC signal, encoded by 
the gene let-23, was left intact in the presumptive 1o cell, 
but selectively removed from the neighboring VPCs (Sim- 
ske and Kim, 1995; Koga and Ohshima, 1995). These cells 
adopted the 2 ° fate anyway, and a completely normal 
vulva was formed. 
Together these recent papers provide very strong evi- 
dence that both a graded morphogen and a sequential 
signaling cascade can act to pattern a single set of cells 
during development. They do not indicate which of the two 
signaling mechanisms plays the predominant role during 
normal development. However, a simple and attractive 
model is that the two pathways both operate and are par- 
tially or fully redundant. This set-up would enable the vulva 
to form perfectly in every animal, which it does. 
These findings raise new questions that are important 
for understanding how tissues are patterned. First of all, 
how is sequential signaling accomplished? How, in re- 
sponse to the signal from the AC, does the. 1° cell tell its 
neighbor to adopt a 2 ° fate? During normal development, 
the ~in-12 protein is required for the 2 ° fate (Greenwald 
et al., 1983). In ~in-12(-) mutants, 1 ° and 3 ° but no 2 ° 
fates are present, lin-12 is a member of the Notch/lin-12/ 
glp-I family of transmembrane receptors (Greenwald, 
1985). The mechanism by which lin-12 is activated during 
vulval development is not clear; however, fairly specific 
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models can be put forth because of an elegant analysis of 
another LIN-12-dependent cell fate decision in C. elegans 
(Seydoux and Greenwald, 1989; Wilkinson et al., 1994). 
In this case, two neighboring cells are born with the ability 
to adopt either of two fates: an AC fate or a ventral uterine 
(VU) fate (Figure 2). In the end, one cell always adopts 
the AC fate, and the other always adopts the VU fate, but 
which cell adopts which fate is random. How does this 
occur? lin-12 activity initiates the VU cell fate: in constitu- 
tively active lin-12 mutants, both cells adopt the VU fate, 
and in lin-12(-) mutants, both cells adopt the AC fate. 
Normally, signaling between the two cells is required to 
activate lin-12, because if one cell is ablated, the remaining 
cell always becomes an AC. A gene called lag-2 has been 
shown to encode the ligand for lin-12 in the ACNU deci- 
sion. Initially, both cells express both lin-12 and lag-2. How- 
ever, if the level of activated lin-12 rises in one cell, that 
cell turns up receptor (lin-12) gene expression and turns 
down ligand (lag-2) gene expression. As a consequence, 
the cell becomes a super responder. This causes things 
to change in the neighboring cell. Because the neighbor 
sees lower levels of ligand, its own level of activated lin-12 
falls, which causes its level of lin-12 gene expression to 
fall and ligand (lag-2) gene expression to rise. This cell 
becomes a super signaler. The consequence of these 
feedback loops is that during normal development the two 
cells always adopt different fates. 
What about vulva development? In this case, lin-12 is 
required for 2 ° fates. The ligand for lin-12 in vulval develop- 
ment, called the lateral signal, has not been identified. 
However, it seems likely that the VPCs have the capacity 
to engage in the same type of feedback loops as the AC 
and VU cells. The evidence for this comes from looking 
at lin-15 mutants, in which all the VPCs can adopt vulval 
fates even if the AC is gone. In a lin-15 mutant that lacks 
an AC, one cannot predict which VPC will adopt a 1 ° or 
2 ° fate, but 1 o cells are always flanked by 2 ° cells. What 
happens in a normal individual that has an AC? In this 
case, the outcome of the decision is biased so that the 
cell closest to the AC adopts the 1 ° fate and its neighbors 
adopt the 2 ° fate. Using the ACNU feedback loop as a 
guide, it is possible to make simple models for how this 
could occur. For example, the AC signal could bias the 
nearest VPC to up-regulate the lateral signal, the ligand 
for lin-12. During normal development, neither 1° nor 2 ° 
fates are produced if the AC is ablated. Why is the AC 
required for the 2 ° cell fate at all? One possibility is that 
during vulval development, synthesis of the ligand for lin- 
12 is completely dependent on the MAPK pathway. This 
would be different from the ACNU decision, in which ini- 
tially the ligand is produced by both cells in an unregulated 
manner. Recently, Tuck and Greenwald (1995) have iden- 
tified a possible transcription factor that acts downstream 
of the entire MAPK pathway but upstream of lin-12 and 
that is required for activation of the 2 ° cell fate. This gene 
product, lin-25, might control the expression of a ligand 
for lin-12. 
Does the lateral signal from the 1 ° to the 2 ° cell primarily 
activate the 2 ° fate, or does it instead inhibit the 1 ° fate? 
Mosaic analysis by Simske and Kim (1995) suggests that 
the primary role of the lateral signal is to activate the 2 ° 
fate, not to inhibit the 1 ° fate. This is why: when the gene 
encoding the receptor for the AC signal was removed from 
the VPC closest to the AC, that cell adopted a 2 ° rather 
than a 1 ° fate, and its neighbors both adopted a 1 ° fate. 
This is exactly what one would expect if the AC can no 
longer bias the closest VPC to adopt a 1 ° fate, but lateral 
signaling still takes place. The surprising finding is that 
under these conditions, the outer neighbors of the two 
new 1 ° cells adopt 2 ° fates! In the wild type, these cells 
would become 3 ° cells and not participate in vulval devel- 
opment at all. Therefore, it is unnecessary for the lateral 
signal to inhibit these cells from adopting 1° fates. This 
argues that the natural role of the lateral signal is to induce 
the 2 ° fate rather than to inhibit the 1 ° fate. Perhaps we 
should drop the popular term "lateral inhibition" for this 
type of signaling (also see Wilkinson et al., 1994). 
What about the graded morphogen? How do different 
levels of AC signal cause an isolated VPC to adopt differ- 
ent fates? Presumably, initiation of the 1° fate occurs in 
exactly the same way as in the intact animal. The interest- 
ing question is how low levels of AC signal can cause an 
isolated VPC to adopt a 2 ° cell fate. It seems unlikely that 
the AC signal is acting directly as a high affinity ligand for 
lin-12. If it were, then 2 ° cell fates should still be generated 
in intact animals carrying mutations in lin-23, the known 
receptor for the AC signal, but they are not. Instead, it 
seems more likely that 2 ° fates are specified when the 
AC signal activates its receptor, let-23, either for a short 
time or for a long time at a low level. Possibly under these 
conditions, the MAPK pathway is not active enough to 
induce the 1 ° fate, but it does cause the cell to produce 
enough of the secondary (lateral) signal to activate lin-12, 
its receptor, in an autocrine fashion. To begin to answer 
these questions, we need to know several things. First, 
are the same gene products that are required for the 2 ° 
fate during normal development--lin-12 and the MAPK 
pathway-- required for an isolated VPC to adopt a 2 ° fate? 
They should be, if the graded morphogen plays a role 
during normal development. Can the three VPC fates be 
obtained by manipulating components of the MAPK path- 
way? How do AC signal levels affect the expression of the 
genes encoding lin-12 and its ligand? 
In summary, the great debate between the champions 
of gradients and cascades may end in a draw. In C. ele- 
gans, it looks as though the pattern of vulval cell fates can 
be specified in either way: by using a single graded signal 
that emanates from a central source or by using a relay 
system in which one signaling cell tells its neighbors to 
produce a second signal, which, in turn, patterns more 
remote cells. When either system is eliminated, all the 
vulval cell fates can still be produced. If these two systems 
both operate during normal development, then together 
they could produce the ever-perfect iny vulvae that C. 
elegans is so famous for. 
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